Histone H2A.X is an H2A variant present in multicellular organisms that is specifically phosphorylated on the serine in the C-terminal consensus sequence, canonically ''SQEY,'' in response to DNA damage. We have recently shown the significance of phosphorylation of the penultimate tyrosine for maintenance and processing of the DNA damage response in mammalian cells. Here, we report the identification of distinct H2A.X variants in the eggs and early embryos of the frog Xenopus laevis that contain a C-terminal SQEF, among other changes; we have denoted these proteins as ''H2A.X-F.'' H2A.X-F is present only in late-staged oocytes, eggs, and premidblastula transition embryos and is not present in somatic cells. Similar unannotated isoforms were identified in other rapidly developing aquatic species, such as Xenopus tropicalis, goldfish, and zebrafish, and in Arabidopsis and chickpea. Furthermore, we demonstrate by mass spectrometry and phospho-specific antibodies that H2A.X-F is phosphorylated in the absence of exogenous DNA damage, in both actively dividing, unperturbed embryos and cell-free egg extract in the absence and presence of DNA damage and S-phase checkpoint conditions. We propose that this isoform may be involved in modulating the cellular response to the rapid early cell cycles in externally developing species.
I
n eukaryotes, DNA is dynamically packaged around histone proteins into chromatin, ultimately the physiological genetic material. There are 4 core histone proteins (H2A, H2B, H3, and H4) around which the DNA is wrapped into a nucleosome containing 2 copies of each histone. Additionally, there are numerous variants of the canonical histones present in a variety of contexts (1) (2) (3) (4) . The histone proteins have been postulated to encode epigenetic information (5, 6) . This histone code is used to modulate transcriptional activity, cell-cycle transitions, and DNA damage-dependent activities.
One of the most extensively studied histone variants is the protein H2A.X, which replaces H2A in some nucleosomes in metazoans (1-10% of nucleosomes, depending on the cell type) (2) . Intriguingly, the C-terminal motifs in H2A.X appear to have arisen multiple times via convergent evolution (3). H2A.X contains a hallmark C-terminal domain with one or more SQ motifs that are phosphorylation targets for the ATM and ATR checkpoint kinases (7, 8) . Phosphorylation of H2A.X has been well-established as an early mark of DNA double-strand breaks (DSBs). This phosphorylation is likely to be involved with chromatin remodeling and repair around the damage site (9-13). H2A.X-deficient mice cells have high levels of genomic instability and are defective in class-switch recombination and spermatogenesis (14) , consistent with a role for the protein in DNA DSB repair. The equivalent phosphorylation site in yeast H2A (Ser-129) has been precisely mapped to DSBs and large bordering regions (15) .
Furthermore, we recently demonstrated that the phosphorylation of the extreme C-terminal tyrosine (…SQEY) by the WSTF protein is crucial for the maintenance of damage foci during the repair process (16) . Other studies have shown a crucial role for that tyrosine residue in binding by the known adapter protein Mdc1 to phosphorylated S139 (17, 18) , suggesting that the entire C terminus of H2A.X is important for proper responses to DNA damage.
Xenopus laevis egg extract is useful for study of the cell cycle, DNA replication, and early development (19) . The eggs contain a large store of histone proteins (20, 21) , in preparation for the rapid early cell cycles of development. Older studies noted the presence of an abundance of the H2A.X variant (50% or more of the H2A) in the early embryos of the frog (21) (22) (23) (24) (25) . The significance of this observation is unknown.
We have also recently described isolation procedures and characterization of histone variants and histone modifications across many embryonic and somatic cell types in Xenopus (26) . In that study we observed a highly abundant H2A isoform in the oocytes, eggs, and early embryos of the frog. In database searching, we discovered that Xenopus contains a distinct H2A.X variant with a C-terminal phenylalanine in place of the canonical tyrosine.
In this article we present the characterization of the H2A.X-F isoforms in X. laevis. We find that its abundance is maximal at egg laying, it is incorporated into early embryo chromatin, and it is no longer present at the tadpole stage. Intriguingly, we observed in parallel that undifferentiated mouse ES cells contain a higher level of H2A.X than do differentiated cells, although we note that mice only contain the canonical SQEY isoform of H2A.X. Using specific antibodies that we developed, we find that H2A.X-F is phosphorylated in the absence of exogenous DNA damage and that the phosphorylation occurs during normal early development.
gence, implying an important role for this amino acid change. We have recently reported a significant role for the phosphorylation of the C-terminal tyrosine in mammalian H2A.X-mediated DNA damage response (16); phenylalanine is hydrophobic but not a phospho-acceptor, suggesting a specific evolutionary loss of a functional side group. We developed antibodies against a peptide from the extreme C terminus of H2A.X-F1 and a doubly serine phosphorylated peptide (Fig. S2) .
Earlier reports had demonstrated a large abundance of histone H2A.X in early embryos of Xenopus (21) . We isolated histones from early-embryo equivalent chromatin and erythrocytes and blotted them for H2A and the H2A.X-F isoform. Because H2A.X is 9 aa longer than canonical H2A, the general H2A antibody can distinguish between both proteins on a high-percentage gel. At least 50% of the H2A in the early embryo is composed of the slower-migrating H2A.X (Fig. 1C) . A blot of the same samples with the H2A.X-F-specific antibody demonstrated that the F isoform is limited to the early embryo and is not present in somatic erythrocytes, nor is it present in any other somatic fractions examined (Fig. S3) . Furthermore, isolation of the stored egg histones (26, 27) and subsequent reversed-phase fractionation and immunoblotting revealed approximately equivalent quantities of H2A, H2A.X-F1, and H2A.X-F2 (Fig. S4 ). MS analysis of these fractions identified the proteins as unannotated gene products (Fig. S1 ). Thorough MS analysis of these fractions and gel slices did not reveal any unique peptide sequence assignable to the H2A.X-Y isoform.
To determine whether the elevated abundance of H2A.X was a general phenomenon, we isolated histones from undifferentiated and differentiated mouse ES cells. As shown in Fig. 1D , ES cells contained a significantly higher level of H2A.X than did the differentiated neural precursor cells. Mice only contain the canonical SQEY isoform of H2A.X, so the embryonic H2A.X abundance may be unrelated to the identity of the penultimate amino acid.
To further explore the developmental timing of H2A.X-F expression we collected staged oocytes, eggs, and staged embryos through the early tadpole stage. We then lysed the frozen embryos directly into SDS loading buffer, sonicated them, and immunoblotted for H2A, H2A.X-F, and phosphorylated H2A.X-F ( Fig. 2A) . The midblastula transition (MBT), at which time zygotic transcription starts and the maternally deposited embryonic program ends, occurs approximately at stage 8 or 9. After stage 9 we observed a marked increase in total H2A and H3, yet the amount of H2A.X-F substantially decreased. We also observed H2A.X-F phosphorylation during normal, unperturbed development (Fig. 2 A) . These embryos were flash-frozen and thawed into SDS buffer, so the observed phosphorylation is unlikely to be caused by damage during handling.
We further examined the developmental timing of H2A.X-F by spin-crushing staged oocytes, progesterone-treated oocytes [germinal vesicle breakdown (GVBD)], eggs, and embryos and immunoblotting the soluble material. This approach resolves only the unincorporated histones, because chromatin is pelleted during the centrifugation step. As seen in Fig. 2B , soluble H2A.X-F disappeared rapidly as fertilization/proliferation commenced, consistent with a rapid depletion of the soluble pool as it was deposited into the chromatin. At stages 15-20, at which point we observed the increased total histone content seen in Fig. 2 A, we saw a reduced amount of H3, consistent with a shrinking soluble pool of histones post-MBT.
As shown in Fig. 2C , we extracted expression data from a deposited Xenopus developmentally staged microarray analysis (GEO GSE4448) (28) . Expression data from the genes encoding H2A.X-F1, H2A.X-F2 (2 copies), H2A.X-Y, and H3 (6 copies) genes from the egg, stage 11, and stage 18 embryos were normalized and then relative values were plotted in a histogram with the stage 11 dataset to 1.0. We observed a substantially enriched relative expression of the H2A.X-F genes in the egg compared with the later stages. The H2A.X-Y gene was barely expressed in the egg whereas it was enriched in the later stages. The average of the H3 genes was approximately consistent across the 3 stages.
H2A and H4 both are phosphorylated on S1 in a cell-cycledependent fashion, primarily during S-phase and M-phase (29) , in addition to the H2A.X C-terminal SQ phosphorylation. Therefore, we ran egg and pronuclei (early-embryo equivalent) histones on Triton-acid urea (TAU) gels and immunoblotted them for H2A, H4, H2A.X-F, H2A/H4 S1ph, and lysine acetylation ( Fig. 3 A and C, with the position of recombinant H2A and H4 blotted in Fig. 3B ). TAU gels separate histones variants and differentially charged histone isoforms. We observed the known shift in H4 acetylation (from fully acetylated, running more slowly in the egg, to less acetylated, running faster in the early-embryo equivalent). Canonical H2A shifted from 1 isoform on the gel in the egg sample to 2 isoforms, consistent with the known acquisition of S1 phosphorylation upon deposition (29) . However, using the phospho-S1 specific antibody, we observed H2A.X-F to be preferentially prephosphorylated on S1 in the egg, whereas H2A and H4 become more phosphorylated upon deposition in the early embryo pronuclei. H2A.X did not have a concomitant enrichment of S1 phosphorylation ( Fig. 3 A and C and Fig. S3) .
We subjected the isolated H2A.X-F1 and F2 proteins from actively replicating, unperturbed, early-embryo pronuclei to MS analysis to probe posttranslational modifications on the proteins. MS/MS of the C terminus of H2A.X-F1 and F2 revealed extensive phosphorylation on serines S127 and S135, both contained in consensus checkpoint kinase target sequences (SQ) (Fig. 4) . Intriguingly, the extent of phosphorylation on both isoforms was different, suggesting perhaps different roles for these 2 proteins. In a noncheckpoint situation, with actively replication chromatin, the majority of H2A.X-F was phosphorylated on the serines.
To further characterize the phosphorylation of H2A.X-F during normal cell cycles, we immunoblotted extracts in various contexts. First, we used freshly prepared egg extract (nonfrozen) and added sperm chromatin in the absence or presence of either HaeIII-digested plasmid DNA (DSBs) or EcoRI restriction enzyme (to digest the sperm template). In Fig. 5A , we observe normal levels of DNA replication in the control sample, but completely blocked DNA replication in the presence of DSBs and EcoRI, consistent with the established checkpoint mechanisms (30) . When we blotted these extracts for H2A.X-F phosphorylation, we observed extensive phosphorylation in the presence of DSBs and EcoRI phosphorylation in the absence of any damaging agent or checkpoint activating signal in trans. Note that the H2A.X-F general antibody is sensitive to phosphorylation (Fig. S2) , so in the presence of DSBs the high level of SQ phosphorylation causes a concomitant reduction in general H2A.X-F antibody signal.
We pulse-labeled the replicating chromatin during a few time periods and immunoblotted a parallel incubation at the end of each time point (Fig. 5B) . We observed that the rate of replication was the highest during the 30-to 60-min time window; however, extensive H2A.X-F phosphorylation did not occur until the second hour of DNA replication. This H2A.X-F phosphorylation was not entirely DNAreplication dependent. Titration of supercoiled plasmid DNA and sperm chromatin into ultracentrifuge-clarified interphase egg extract (competent for chromatin assembly but not DNA replication) resulted in a concentration-dependent phosphorylation of H2A.X (Fig. 5C) . Intriguingly, addition of plasmid and sperm DNA to clarified egg extract, while promoting H2A.X-F phosphorylation, did not result in activation of ATM as measured by its autophosphorylation on S1981 (Fig. 5E ). In contrast, addition of DSBs did result in more potent H2A.X-F phosphorylation and ATM S1981 phosphorylation (Fig. 5E Bottom) . Caffeine partially rescued the H2A.X-F phosphorylation and abrogated the ATM S1981 phosphorylation, consistent with our observations that the H2A.X-F phosphorylation is not entirely concomitant with checkpoint activation (Fig. 5A) .
To further control for modest amounts of DNA damage in any of the DNA sources used, we added DNA from a second supercoiled Qiagen-purified plasmid and lambda DNA to egg extract. As seen in Fig. 5D , all of the DNAs induced similar levels of H2A.X-F phosphorylation. Additionally, we did not observe any linearization or other damage of recovered DNA incubated in egg extract over time that did exhibit H2A.X-F phosphorylation (Fig. 5F ).
Discussion
We have identified a distinct isoform of histone H2A.X, containing a C-terminal SQEF motif, present in the early embryos of the frog X. laevis and similar isoforms present in Xenopus tropicalis, Danio rerio (zebrafish), and Carassius auratus (goldfish). Additionally, we identified SQ D / E F isoforms in a number of plant species, including Arabidopsis thalina and Cicer arietium. Intriguingly, we could not identify a C-terminal tyrosine-containing isoform in either plant species. We also observed that none of the H2A.X-F proteins contain the GKK motif that is absolutely conserved in canonical H2A.X, slightly N-terminal to the SQEY motif (31) (Fig. S1 ). Because histone lysines are frequently modified, we expect that future studies may observe acetylation, methylation, or other additions to that GKK sequence.
The fact that H2A.X-F is present only during a brief period of early development is intriguing, suggesting that it may play a significant biological role. An earlier study had shown that during initial pronuclei chromatin assembly, newly synthesized H2A and H2B, from maternal mRNA stores, were deposited but no newly synthesized H2A.X was deposited; only stored H2A.X protein was assembled into chromatin (23) . Furthermore, H2A.X-F composes at least half of the H2A in the egg and early embryo. Surprisingly, we observed that H2A.X is highly enriched in undifferentiated mouse ES cells and that enrichment is lost upon differentiation. NT2 cells, cancer cells that in many ways mimic ES characteristics, did not exhibit a similar elevation of H2A.X protein, suggesting that H2A.X abundance may be an important indicator of true stem-cell determination (Fig. S5) .
It has been long established that the mitotic checkpoint is not active in early embryos of Xenopus (32); in fact, irradiated embryos will keep dividing until the MBT, at which point they will synchronously undergo apoptosis (33) . In contrast, the intra-S-phase checkpoint is detectable in interphase-trapped extracts by assaying DNA replication (30) . Phosphorylation of mammalian H2A.X C-terminal peptides (with an SQEY motif) in egg extract has been used to measure checkpoint kinase response in different contexts (34) .
Phosphorylation of the N-terminal serine of H2A and H4 (note that both H2A and H4 start with the same SGRGK motif) has been linked to ongoing DNA replication and progression through mitosis (29) . In yeast, H4 S1 phosphorylation has been shown to occur after DNA damage (35) , although this has not been demonstrated to occur in metazoans. We observed a differential phosphorylation of S1 on H2A.X-F compared with canonical H2A; H2A.X-F S1 was phosphorylated during predeposition storage in the egg, whereas H2A, along with H4, became more phosphorylated after deposition (see Fig. 3 ; note that the egg histones are predeposition and the early-embryo equivalent histones are postdeposition). Intriguingly, H2A.X was shown to be phosphorylated during nucleosome assembly in oocytes and important for proper nucleosome spacing (21) . Another study demonstrated that the phosphorylation of H2A.X (probably both on S1 and the C terminus) increased relative to the phosphorylation of H2A (only on S1) as the sperm concentration was increased (see figure 8 in ref. 23); this observation is strikingly similar to the data we present here. Phosphorylation of the C terminus of H2A.X has been shown to be important for recruitment of other checkpoint proteins and repair factors and for maximum efficiency of the NHEJ and HR repair pathways. Binding studies and crystal structures have demonstrated the extreme importance of the C-terminal tyrosine hydroxyl group in recruitment of the Mdc1 protein (18, 36) , the primary recognition adapter of the ␥-H2A.X damage signal on chromatin. Therefore, the specific acquisition of an H2A.X isoform in the early embryo that is significantly less capable of recruiting Mdc1 [Stucki et al. (18) report at least a 100 times worse binding constant for Mdc1 to peptides without a C-terminal tyrosine] suggests that the H2A.X-F protein may contribute to the suppression of the checkpoint during the early cell cycles. It is reasonable, therefore, to consider developmentally alternative platforms for assembling chromatin-acting machinery for differential responses in different contexts; the embryonic H2A.X-F isoform could potentially alter the cellular response to chromatin structures encountered during normal cell cycles.
It is formally possible that the phosphorylation of H2A.X-F in cell-free extracts is in part caused by DNA damage accrued during chromatin assembly, during replication, and/or manipulations during preparation. However, fresh extract did exhibit H2A.X-F phosphorylation in clearly noncheckpoint conditions ( Fig. 5A ) and no obvious DNA damage occurred to plasmid recovered from extract (Fig. 5F) . Furthermore, fertilized eggs and developing embryos exhibited H2A.X-F phosphorylation (Fig. 2 A) when we used the highly phospho-specific affinitypurified antibody. This observation is consistent with a normal, nonartifactual H2A.X-F phosphorylation during rapid cell cycles.
We hypothesize that during very rapid early-embryo cell cycles transient chromatin conformations occur that result in signaling, perhaps through the checkpoint kinase pathway (37) , that do not actually arrest S-phase. This differential activity might therefore occur explicitly because the phospho-SQEF motif does not recruit Mdc1 and perhaps does not nucleate other checkpoint factors, such as the MRN complex. Intriguingly, interactions between Mdc1 and components of the MRN complex have been reported (17, 38, 39) , and indeed Nbs1 binding to Mdc1 has recently been shown to be required to maintain MRN at damage sites (40) . Because ATM activation in Xenopus egg extracts in response to DSBs has been demonstrated to occur in a 2-step process of recruitment and an MRN-dependent activation (41), complete activation resulting in a checkpoint-blocking replication may occur only in the presence of bona fide damage. Furthermore, we have demonstrated an important role for ATR in regulating ongoing DNA replication (37) , and ATR is known to respond to DNA replication intermediates (42) , so ATM and ATR may have distinct roles in phosphorylation of H2A.X-F. Further studies are required to distinguish between damage and nondamage responses in egg extracts.
Materials and Methods
Detailed methods and materials are available in SI Text. Briefly, Xenopus interphase egg extract was prepared and used for DNA replication studies as described (37) . Pronuclei and histones were isolated from extract, and immunoblotting and MS were performed as described (26, 27) .
